Controlled irrigation and drainage (CID) has received attention for improving water quality. Under CID condition, water stress is frequently experienced in two contexts: first drought and then flooding (FDTF) and first flooding and then drought (FFTD). This study aimed to investigate the effects of FDTF and FFTD on nitrogen (N) and phosphorus (P) dynamics in paddy water at different growth stages. The effects of water stress on the migration and transformation of N and P were also investigated. Results showed that CID can decrease N and P concentrations in surface water. NH 4 + -N was the major form of N in surface drainage and percolation water. Mean total phosphorus (TP), NH 4 + -N, and NO 3 − -N concentrations were significantly higher than in FFTD during the growth stage. Mean NH 4 + -N, NO 3 − -N, and TP concentrations were significantly higher in percolation water under flooding stress than those under drought stress at growth stage, except for mean TP concentrations at milky stage (stage IV). Meanwhile, flooding can sharply increase the NH 4 + -N, NO 3 − -N, and TP concentrations in percolation water after drought. Thus, without CID, the considerably high NH 4 + -N, NO 3 − -N, and TP concentrations via runoff and leaching can be responsible for the eutrophication of water bodies in the vicinity of paddy fields during the rice growing season when water stress transforms from drought into flooding.
Introduction
Agricultural nonpoint source pollution is a major environmental issue in many countries with intensive farming systems [1, 2] . Nitrogen (N) and phosphorus (P) loads from unmanaged agricultural nonpoint sources [2] , such as runoff and leaching from paddy fields, have been associated with water body eutrophication of many lakes and streams [3, 4] . Paddy rice is one of the most important food crops in Southern China [5] [6] [7] . The utilization of N is relatively low in irrigated rice because of rapid N losses through surface runoff, denitrification, leaching, and ammonia volatilization [8] . Moreover, irrational drainage shortens the residence time of water and accelerates the N and P losses [9] , resulting in an increase in N losses from the paddy fields to adjacent waters. However, P is relatively stable in soils and thus runoff and leaching are the major routes of excessive P losses [10] .
Previous research showed that the total drainage outflow was a primary factor in N and P losses in paddy fields [11] . Attempts to reduce the nutrient losses in drainage water have led to the promotion of controlled drainage (CD), which has shown the best potential for improving water quality [12] [13] [14] [15] . Large amounts of water outputs saved can be obtained in CD systems [11, 16] . In addition, N and P concentrations are reduced through crop uptake, nitrification, denitrification, and sediment deposition [14] . However, water conservation has become a basic national policy in China given the shortage of water resources [17, 18] . The most widely promoted water-saving technology for rice so far is alternate wetting and drying (AWD) [19] . The adoption of water-saving technologies could alter N and P dynamics and lower nutrient losses [19, 20] . Peng et al. showed that N and P losses were reduced with AWD compared to conventional irrigation under the same N management [18] . Note: − mm∼ ∼ mm denotes that water depth was kept between -mm and mm at four stages of rice paddies at normal time; the maximum water height after rainfall for the control is mm. When water level lowered to − mm, irrigation water is added until water level reached mm. − mm∼ mm or mm∼− mm indicates the controlled thresholds of water level in different stages. The allowable variation of fixed water level was ±5 mm during the period of implementation; 2 mm water leakage per day was adopted when surface water existed. FDTF indicates first drought and then flooding; FFTD indicates first flooding and then drought.
Although many studies have investigated migration and transformation of N and P in paddy fields individually under AWD and CD [1, 18, 19] , only a few studies have focused on the conjunct influences of CD and AWD on the migration and transformation of N and P. Controlled irrigation and drainage (CID) aims to combine the advantages of CD and AWD. The basic feature of CID is to maintain a high depth of water so that the drainage water is reduced during rainy days and used when a certain threshold water table is reached (a certain degree of drought stress is produced when soil moisture content is lower than the saturated moisture content and even field capacity). Thus, paddy fields may experience frequent episodes of alternate drought and flooding to various degrees under CID condition. The desirable N and P changes and losses may be different from those under drought or flooding stress alone. CID practice tends to result in dramatic changes in the soil physical environment, including the aerobic and anaerobic transitions [21] . Under CID condition, water stress may be frequently experienced in two contexts: first drought and then flooding (FDTF) and first flooding and then drought (FFTD). The current study attempts to reveal the N and P dynamics in surface and percolation water from rice paddies under FDTF and FFTD conditions, as well as determine the effects of water stress on the migration and transformation of N and P. The air temperature, wind speed and direction, relative humidity, total solar radiation, and photosynthesis active radiation were measured at the experimental site using an automated weather station. Precipitation was measured by a tipping bucket rain gauge. All meteorological parameters were stored in a data logger and downloaded weekly via a computer. The frost-free period lasts for 220 days per year. The soil in the area is a typical permeable paddy soil, formed on loess deposits, with loamy clay. A total of 25 fixed tanks plots were prepared (length × width × depth = 2.5 m × 2 m × 2 m). The irrigation system is an automatic irrigation system controlled by the host electromagnetic valve. The soil (0-30 cm) in tanks with pH of 6.97 contained 2.19% of soil organic matter, 0.91 g/kg of total nitrogen, 27.65 mg/kg of available nitrogen, 0.32 g/kg of total phosphorus (TP), and 12.5 mg/kg of available phosphorus.
Materials and Methods

Experimental Site and Soil
Plant Material and Cultivated
Practices. Nangeng 9108, a high-yielding rice variety currently used in local production, was grown in the paddy tanks. Seedlings were raised in a seedbed on May 13, 2015 , and then transplanted on June 16, 2015 , at a hill spacing of 0.2 m × 0.14 m, with three seedlings per hill. A week before transplanting, the experimental plots were dry-ploughed and harrowed. The soil was soaked a day before transplanting and then flooded for about a week with a 2-3 cm water layer to promote good crop establishment. The basal fertilizer was the compound fertilizer (N : P 2 O 5 : K 2 O, 15 : 15 : 15) and 900 kg/ha was applied on June 13, 2015. The tillering fertilizer was urea (with a nitrogen content of 46.4%), and 100 kg/ha was applied on June 28, 2015. The panicle fertilizer was also urea (with a nitrogen content of 46.4%), and 50 kg/ha was applied on August 18, 2015. The weed was controlled manually and pesticides were applied occasionally.
Experimental Design.
Eight CID treatments were designed for the experiment ( the experiments under different irrigation and drainage conditions. Treatments were set up in the paddy tanks with closed bottoms; each treatment had three replicates. For the FDTF treatments, rice experienced drought stress at first, and when the field water level dropped to the lower limit at the beginning of growth stage, irrigation water was added with an automatic irrigation system until the upper water level limit was reached; the field surface water was then drained to the maximum water level at normal time after 5 days. For the FFTD treatments, rice experienced flooding stress at first, and irrigation water was immediately added to the upper water level limit at the beginning of growth stage; the field surface water was then drained until there was no surface water after 5 days, and when the field water level dropped to the lower limit at the beginning of growth stage, irrigation water was added until the maximum water level at normal time was reached. The water level management complying with the shallow and wetting irrigation requirement was conducted on other days of each stage.
Sample Collection and Measurement.
Field water depth was observed at nine o' clock by a ruler. When the minimum level was reached, the system would irrigate until water level reached maximum level. Similarly, when water level exceeded maximum because of rainfall, the drainage volume was subsequently calculated by counting the number of opened solenoid valves and stored by a data logger. Water samples were collected in polyethylene bottles for three times during the submergence period. The surface water was collected using 50 mL syringes (without disturbing the soil and selecting the top surface water randomly); all bottles were rinsed before appropriate amount of water sample was obtained. An underground drainage pipe was installed at the bottom of the tanks (the distance between underground outlet and field surface is 1.5 m). The collection time of percolation water was in accordance with surface water. As there was no surface water in field, the percolation water was collected when the water level reached 0 mm, −250 mm, and −500 mm. Ammonia nitrogen (NH 4 + -N), nitrate nitrogen (NO 3 − -N), and TP in the water samples were analyzed by the indophenol blue, disulfonic acid phenol, and ammonium molybdate methods using a UV-2800 spectrophotometer.
Statistical Analysis.
A randomized complete block design with three replications was employed. Treatment effects were analyzed using SPSS software version 19.0. -tests at ≤ 0.05 were used to calculate the difference of mean concentrations in surface water among different treatments. Significance was calculated based on least significant difference (LSD) test at ≤ 0.05, except when -tests were used.
Results
Change of NH 4
+ -N Concentration. NH 4 + -N concentrations over the study period are shown in Figure 1 . NH 4 + -N concentrations reduced with the time of flooding in FFTD and FDTF surface water at each stage. Compared with the first day of flooding at each stage, the NH 4 + -N concentrations for the FFTD surface water were decreased by 50.9%, 42.2%, 54.74%, and 42.1% at the end of flooding; the NH 4 + -N concentrations for the FDTF surface water were decreased by 55.2%, 53.1%, 51.0%, and 32.5%. The mean NH 4 + -N concentrations in FFTD surface water were significantly higher than those in FDTF surface water at each stage (Table 2) .
First, NH 4 + -N concentrations in the FFTD percolation water were reduced with time during the study period and then stabilized at each stage. The NH 4 + -N concentrations in FDTF percolation water reached the maximum on the first day of flooding at each stage. Moreover, the maximum of NH 4 + -N concentrations in FDTF percolation water was significantly higher than that at the water level of −500 mm. Compared with the first day of flooding at each stage, the NH 4 + -N concentrations for the FFTD percolation water were decreased by 22.9%, 49.8%, 65.7%, and 21.1% at the end of flooding; the NH 4 + -N concentrations for the FDTF percolation water were decreased by 37.4%, 55.6%, 61.8%, and 36.3%. During the time of flooding, the mean NH 4 + -N concentrations in FDTF percolation water were significantly higher than those in FFTD percolation water at each stage (Table 3) . For the FFTD and FDTF treatments, the mean NH 4 + -N concentrations in percolation water under flooding condition were significantly higher than those under drought condition at each stage (Table 3) .
Change of NO 3
− -N Concentration. The dynamics of change of NO 3 − -N concentrations in water at the four stages is shown in Figure 2 . In addition to FDTF surface water at stage IV, the NO water was observed on the third day after flooding. Compared with the first day of flooding at each stage, the NO 3 − -N concentrations for the FFTD surface water were decreased by 35.1%, 62.2%, 62.1%, and 16.4% at the end of flooding; the NO 3 − -N concentrations for the FDTF surface water were decreased by 38.8%, 52.2%, 40.4%, and 26.9%. The mean NO 3 − -N concentrations in FDTF surface water were significantly higher than those in FFTD surface water at each stage ( Table 2) .
The NO 3 − -N concentrations reached the peak value on the third day of flooding in FFTD percolation water at stage I. The NO 3 − -N concentrations showed a declining trend and then fluctuated slightly in FFTD percolation water during the growth stage, except at stage I. For the FDTF treatments, the NO 3 − -N concentrations in percolation water showed a rising trend at first and then a decrease at stage I; the NO 3 − -N concentrations fluctuated in other stages. Moreover, the NO 3 − -N concentrations on the first day of flooding in FDTF percolation water at each stage were significantly higher than that at the water level of −500 mm. Compared with the first day of flooding at each stage, the NO 3 − -N concentrations for the FFTD percolation water were decreased by 38.7%, 37.8%, 32.8%, and 17.8% at the end of flooding; the NO 3 − -N concentrations for the FDTF percolation water were decreased by 25.3%, 67.4%, 63.4%, and 23.0%. During the time of flooding, the mean NO 3 − -N concentrations in FDTF percolation water were significantly higher than that in FFTD percolation water at each stage (Table 3) . For the FFTD and FDTF treatments, the mean NO 3 − -N concentrations in percolation water under flooding condition were significantly higher than that under drought condition during the growth stage, except at stage IV (Table 3) . concentrations for the FFTD surface water were decreased by 31.8%, 55.0%, 62.9%, and 49.9% at the end of flooding; the TP concentrations for the FDTF surface water were decreased by 32.6%, 54.6%, 66.5%, and 48.4%. The mean TP concentrations in FDTF surface water were significantly higher than those in FFTD surface water at each stage, except at stage IV ( Table 2) .
The TP concentrations fluctuated widely in percolation water at each stage. In FDTF percolation water, the TP concentrations reached the maximum on the third day of flooding and then declined at stages II and III. The TP concentrations in percolation water decreased with time in the other stages. Compared with the first day of flooding at each stage, the TP concentrations for the FFTD percolation water were decreased by 44.8%, 28.4%, 27.7%, and 30.3% at the end of flooding; the TP concentrations for the FDTF percolation water were decreased by 59.4%, 6.7%, 13.3%, and 33.2%. During the time of flooding, the mean TP concentrations in FDTF percolation water were significantly higher than that in FFTD percolation water at each stage, except at stage IV (Table 3) . Moreover, mean TP concentrations in FDTF and FFTD percolation waters under flooding condition were significantly higher than that under drought condition at each stage, except at stage IV (Table 3 ).
Discussion
Impact of CID on NH 4
+ -N and NO 3 − -N Concentrations in Surface Water. The NH 4 + -N and NO 3 − -N concentrations were clearly affected by the duration of flooding (Figures  1 and 2) . NH 4 + -N and NO 3 − -N concentrations change continuously according to biochemical reactions involved, and the rates of these reactions correlate with the water depth [22] . With the microbial interactions, soil particles sedimentation, and plant uptake, implementation of CID can significantly decrease NH 4 + -N and NO 3 − -N concentrations in surface water in this study. Shao et al. reported that CID could decrease water flow [23] . Thus, the decrease in losses of NH 4 + -N and NO 3 − -N by CID implementation is not only associated with runoff volume but also related to NH 4 + -N and NO 3 − -N concentrations. During prolonged flooding, biological denitrification is strengthened and nitrification is suppressed in low-oxygen environments [24] . NH 4 + -N is the stable component of N in paddy water [1, 7] , and thus NH 4 + -N is the dominant form of N runoff. Similar results were also found in paddy soil in Southern China [5, 25] . Low water availability can inhibit microbial activity by lowering intracellular water potential and reducing hydration and activity of enzymes in soil [26] , resulting in the accumulation of inorganic N under drought conditions. Meanwhile, reflooding a dry soil promotes N mineralization [27] . The amount of N tied up in bacterial osmolytes may be metabolized on reflooding, initially producing a pulse of dissolved organic N that may then be mineralized and nitrified [28] . Therefore, CID may be a useful strategy to control N runoff when paddy fields are flooded after drought. Careful consideration must be given to the NH 4 + -N and NO 3 − -N runoff concentration when water stress transforms from drought to flooding.
+ -N and NO 3 − -N Concentrations in Percolation Water. N leaching may be affected by soil properties, water management, and crop growth. Surface subsidence and cracks formed in soil because of drought influence soil structure and quality. Water is quickly percolated when the soil is reflooded after drought, and nutrients through the cracks preferentially migrate into the subsoil [29, 30] . As a result, flooding can sharply increase the NH 4 + -N and NO 3 − -N concentrations in leachates after drought. Moreover, the mean NH 4 + -N and NO 3 − -N concentrations were significantly higher in percolation water under flooding stress than those under drought stress during the growth stage. In general, NO 3 − -N leaching is more likely to occur than NH 4 + -N leaching because of soil adsorption of NH 4 + -N and the migration distance of NH 4 + -N in soil is very short [18, 31, 32] . However, the current study found significantly higher NH 4 + -N than NO 3 − -N concentrations in percolation water. This finding may be due to long-term flooding, confined process of nitrification, and intense denitrification. In addition, the soil was maintained in a reduced state because of the outlet below shallow groundwater table in the experimental field during the time of drought [10] , resulting in lack of oxygen. Moreover, a majority of NH 4 + -N in the percolation water from paddy fields also may come from the slow mineralization and decomposition of organic N in the subsoil [18] .
Impact of CID on TP Concentrations.
The mobility and transfer of P in paddy soil-water can be affected by flooding, resulting in changes of P concentrations in the field surface water. Moreover, the particles in topsoil are disturbed by irrigation, thereby inducing release and suspension of P. In this experiment, we observed that TP concentrations in surface water followed a decreasing trend during the time of flooding, which was consistent with the research of Zhang et al. [33] . In addition, the mean TP concentrations in FDTF surface water were significantly higher than that in FDTF (Table 2) , because the environment of FDTF has obviously improved the effectiveness of soil P and promoted the transformation of insoluble P into available P [34] .
Soils generally have a strong adsorption capacity of P in paddy fields [35] , and thus P leaching can be ignored [36] . However, several studies have reported that P leaching is a main reason for water eutrophication [10, 18] . Water is the medium of P leaching, which is closely related to field water table management in paddy soil. Certain amount of P in percolation water directly comes from downward migration of P in surface water and is positively correlated with P concentrations in surface water. Changes in P concentrations are often attributed to high water tables resulting from flooding, which promotes anaerobic conditions. Anaerobic soil conditions can increase the solubility and mobility of P [13] . Moreover, anaerobic conditions created by flooding water may increase the release of P to the soil solution because of the reduction of Fe 3+ to Fe 2+ [37] . As a result, the mean TP concentrations were significantly higher in percolation water under flooding stress than under drought stress during the growth stage, except at stage IV. Similar results in paddy soil in Southern China were also reported [38] . In early period of flooding after drought, high TP concentrations favor eutrophication because of the presence of cracks in the soil, thereby allowing TP to leach more easily through preferential flow. For paddy fields flooded after drought, soils become reduced because of the decrease in oxygen, and TP concentrations are increased continuously in the early period of flooding. As a result, P solubility and extractability in FDTF condition were relatively higher than those in FFTD, thereby increasing the risk of TP leaching.
Conclusions
Field experiments conducted in Southern China indicated that CID implementation increased the N and P use efficiencies via the reduction of N and P concentrations in surface and percolation water. NH 4 + -N and NO 3 − -N concentrations decreased with the duration of flooding in the four stages but differed considerably among the treatments. NH 4 + -N was the major form of N in surface drainage and percolation water. The TP concentration in surface water followed a decreasing trend during the time of flooding. Compared with FFTD, the mean NH 4 + -N, NO 3 − -N, and TP concentrations were significantly higher in FDTF surface water at each stage. Moreover, the mean NH 4 + -N, NO 3 − -N, and TP concentrations were significantly higher in percolation water under flooding stress than those under drought stress during the growth stage, except for the mean TP concentration at stage IV. Flooding after drought can sharply increase the NH 4 + -N, NO 3 − -N, and TP concentrations in leachates. High NH 4 + -N, NO 3 − -N, and TP concentrations via runoff and leaching were an important cause of water eutrophication in paddy fields during the rice growing season. Thus, CID should be implemented to control the high concentrations of NH 4 + -N, NO 3 − -N, and TP when water stress transforms from drought to flooding. 
